To support cell survival, mitochondria must balance energy production with oxidative stress. Inner 20 ear hair cells are particularly vulnerable to oxidative stress; thus require tight mitochondrial regulation. 21 We identified a novel molecular regulator of the hair cells' mitochondria and survival: Pregnancy-22 associated plasma protein-aa (Pappaa). Hair cells in zebrafish pappaa mutants exhibit mitochondrial 23 defects, including elevated mitochondrial calcium, transmembrane potential, and reactive oxygen 24 species (ROS) production and reduced antioxidant expression. In pappaa mutants, hair cell death is 25 enhanced by stimulation of mitochondrial calcium or ROS production and suppressed by a 26 mitochondrial ROS scavenger. As a secreted metalloprotease, Pappaa stimulates extracellular insulin-27 like growth factor 1 (IGF1) bioavailability. We found that the pappaa mutants' enhanced hair cell loss 28 can be suppressed by stimulation of IGF1 availability and that Pappaa-IGF1 signaling acts post-29 developmentally to support hair cell survival. These results reveal Pappaa as an extracellular regulator 30 of hair cell survival and essential mitochondrial function. 31 32
Introduction
Pappaa loss causes increased mitochondrial ROS in hair cells 151 A role for Pappaa in hair cell survival is novel. To define how Pappaa activity influences hair cell 152 survival, we evaluated cellular mechanisms known to underlie their neomycin-induced death. 153 Neomycin enters hair cells via mechanotransduction (MET) channels found on the tips of stereocilia 154 (Kroese et al., 1989) . MET channel permeability has been correlated to hair cells' neomycin sensitivity 155 (Alharazneh et al., 2011; Stawicki et al., 2016) . We hypothesized that pappaa p170 hair cells may be 156 more susceptible to neomycin-induced death due to an increase in MET channel-mediated entry. To (Zhou and Kang, 2000) . These results suggest that the pappaa p170 hair cells' elevated ROS can be 223 attributed not only to increased mitochondrial calcium and transmembrane potential, but also to 224 reduced mitochondrial antioxidants. Finally, we asked whether the increased mitochondria-generated 225 ROS in pappaa p170 hair cells was sufficient to explain their increased mortality rate when exposed to 226 neomycin. We hypothesized that if this were the case, then reducing mitochondrial-ROS would 227 suppress their increased mortality. To test this idea we exposed pappaa p170 larvae to the mitochondria-228 targeted ROS scavenger mitoTEMPO (Esterberg et al., 2016) and observed up to complete protection 229 of pappaa p170 hair cells against neomycin-induced death ( Figure 7B ). These results suggest that 230 abnormally elevated mitochondrial ROS underlies the enhanced hair cell death in neomycin treated 231 pappaa p170 zebrafish. demonstrated to support the survival of various cell types (Hasan et al., 2003; Echave et al., 2009; Li et 236 al., 2009; Wang et al., 2013; Genis et al., 2014; Pyakurel et al., 2015; Kim, 2017) . For cells that do not 237 have a capacity for regeneration, like hair cells, the regulation of these factors and intracellular 238 processes are particularly important. Exogenous application of IGF1 was recently shown to protect hair 239 cells against neomycin exposure (Hayashi et al., 2013) . This finding identified a molecular pathway 240 that could be potentially targeted to combat sensorineural hearing loss. Yet, significant questions 241 remained regarding the mechanism by which IGF1 signaling serves this role. For example, it was 242 unclear whether endogenous IGF1 signaling supports hair cell survival and how this pathway is 243 extracellularly regulated to promote hair cell survival. Through zebrafish mutant analysis, we 244 identified a novel extracellular regulator of IGF1 signaling that supports hair cell survival and 245 mitochondrial function: the secreted metalloprotease Pappaa. Based on a series of in vivo experiments we propose a model by which Pappaa stimulates IGF1R signaling in hair cells to control mitochondrial 247 function and oxidative stress, and thereby, promotes the longevity of these cells.
248
Pappaa regulated IGF1 signaling supports hair cell survival 249 Pappaa acts as an extracellular positive regulator of IGF1 signaling by cleaving inhibitory IGFBPs, 250 thereby freeing IGF1 to bind and activate cell-surface IGF1Rs (Boldt and Conover, 2007) . In the 251 nervous system, Pappaa's signaling role has been shown to support synaptic structure and function, but 252 a cell protective function had not been explored. Our results demonstrate that pappaa p170 hair cells 253 showed increased mortality to neomycin ( Figure 3A-B ), and that this phenotype could be suppressed 254 by pharmacological stimulation of IGF1 availability ( Figure 3C ). Given the novelty for Pappaa in 255 supporting hair cell survival, it is interesting to consider whether Pappaa acts developmentally or post-256 developmentally in this context. In 5 dpf pappaa p170 , hair cells appeared to develop normally based on 257 their cellular morphology ( Figure 4A ) and ability to mediate acoustic startle responses (Wolman et al., 258 2015). We found that post-developmental expression of Pappaa was sufficient to increase the 259 pappaa p170 hair cells' survival when exposed to neomycin to near wild type levels ( Figure 4B ).
260
Consistent with this post-developmental role for Pappaa, post-developmental attenuation of IGF1R 261 signaling was also sufficient to increase neomycin-induced hair cell loss ( Figure 4C ), while stimulation 262 of IGF1R signaling was sufficient to suppress pappaa p170 hair cell loss ( Figure 3C ). Taken together, 263 these findings suggest that Pappaa-IGF1R signaling acts post-developmentally to mediate resistance 264 against toxins, like neomycin.
265
To support hair cell survival, pappaa's expression pattern suggests that Pappaa is likely to act in a 266 paracrine manner. Although hair cells require Pappaa for survival, they do not express pappaa. Rather, 267 pappaa is expressed by the adjacent support cells (Figure 2A -C). Support cells have been shown to 268 secrete factors that promote hair cell survival (May et al., 2013; Yamahara et al., 2017) and our results define in which cells IGF1 signaling activation is required. It is possible that Pappaa does not act 271 directly on hair cells, rather it may influence support cells to promote hair cell survival. Moreover, it 272 will be interesting to define the molecular cues that trigger Pappaa activity, their cellular source, and to 273 determine whether Pappaa acts directly in response to such cues or serves a more preventative role for 274 hair cells. 
281
Consistent with these observations, reduced IGF1 signaling has been associated with increased ROS 282 production and oxidative stress (García-Fernández et al., 2008; Lyons et al., 2017) . Three lines of 283 evidence suggest that mitochondrial dysfunction, and particularly the elevated ROS levels, underlie the 284 increased hair cell loss in pappaa p170 . First, pappaa p170 hair cells showed enhanced sensitivity to 285 pharmacological stimulators of mitochondrial ROS production ( Figures 5G and 6E ). Second, 286 pappaa p170 hair cells showed reduced expression of mitochondrial antioxidant genes ( Figure 7A ).
287
Third, attenuation of mitochondrial ROS was sufficient to suppress neomycin-induced hair cell loss in 288 pappaa p170 ( Figure 7B ).
289
Based on results presented here, we can only speculate on the primary subcellular locus and defect 290 that triggers mitochondrial dysfunction in pappaa p170 hair cells. The challenge lies in the tight interplay 291 between mitochondrial transmembrane potential, Ca 2+ load, and ROS production and clearance 292 (Brookes et al., 2004; Adam-Vizi and Starkov, 2010; Ivannikov and Macleod, 2013; Esterberg et al., negative mitochondrial transmembrane potential. Negative transmembrane potential is achieved by 295 pumping protons out of the mitochondrial matrix as electrons move across the electron transport chain.
296
Protons then move down the electrochemical gradient through ATP synthase to produce ATP. Given 297 that ROS is a byproduct of oxidative phosphorylation, a more negative transmembrane potential yields 298 more ROS (Kann and Kovács, 2007; Zorov et al., 2014) . Mitochondrial Ca 2+ is a key regulator of 299 transmembrane potential and the resultant ROS generation, as it stimulates the activity of key enzymes 300 involved in oxidative phosphorylation (Brookes et al., 2004) . And, Ca 2+ uptake by the mitochondria is 301 driven by the electrochemical gradient of a negative transmembrane potential. Thus, Ca 2+ and 302 transmembrane potential are locked in a feedback loop (Brookes et al., 2004; Adam-Vizi and Starkov, 303 2010; Ivannikov and Macleod, 2013; Esterberg et al., 2014; Gorlach et al., 2015) . Because 304 mitochondria in pappaa p170 hair cells have a more negative transmembrane potential ( Figure 4C -D) and 305 experience Ca 2+ overload ( Figure 4A -B), this likely sensitizes the mitochondria to any further increase 306 in Ca 2+ levels. In support of this idea, pappaa p170 hair cells were hypersensitive to Cyclosporin A once per 12 hours from either 24 hpf to 5 dpf or from 4 dpf to 5 dpf. To induce expression of Pappaa, Total RNA was extracted from whole larvae and FACS sorted motor neurons and hair cells using 
